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Highly porous Pt/Al thin film electrodes on yttria stabilized zirconia electrolytes were prepared by 
dealloying of co-sputtered Pt/Al films. The oxygen reduction capability of the resulting electrodes 
was analyzed in a solid oxide fuel cell setup at elevated temperatures. During initial heating to 523 K 
exceptionally high performances compared to conventional Pt thin film electrodes were measured. 
This results from the high internal surface area and large three phase boundary length obtained by 
the dealloying process. Exposure to elevated temperatures of 673 K or 873 K gave rise to degradation 
of the electrode performance, which was primarily attributed to the oxidation of remaining Al in 
the thin films. 
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I. INTRODUCTION 

The efficiency of electrochemical devices like fuel cells 
is largely determined by the activity of the applied elec- 
trodes with respect to the oxygen reduction reaction 
(ORR). Up to date, Pt is the most common electrode 
material for polymer electrolyte membrane fuel cells 
(PEMFCs)i>^ and low-temperature solid oxide fuel cells 
(LT-SOFCs) Attempts to increase the performance of 
Pt electrodes with respect to the ORR aim either at an 
increase of the inherent catalytic activity of Pt surfaces 
or the design of electrode morphologies that feature a 
higher density of catalytically active sites. Regarding 
the first approach, an optimization of the oxygen-metal 
interaction by alteration of the metal d states either by 
alloying of Pt^ or the fabrication of metal/Pt core-shell 
structures^ have been shown to be promising. Guidelines 
for the second approach are a maximization of the elec- 
trode surface area and the three-phase-boundary (TPB) 
where the electrode is in contact with the ion conducting 
electrolyte and the gas phase. -'^ Furthermore, there is ev- 
idence that the grain boundaries of thin Pt layers provide 
oxygen pathways and contribute to the ORR,— which is 
why small grains resulting in a high grain boundary den- 
sity may be beneficial as well. An experimental proce- 
dure that is applied both in terms of the electronic mod- 
ification of Pt surfaces and the fabrication of favorable 
Pt electrode morphologies is dealloying<^ During deal- 
loying the less noble element in a mostly binary alloy is 
selectively removed by an etchant. Depending on the ex- 
perimental conditions, dealloying yields surfaces enriched 
in the more noble element)^ nanowiresii or nanoporous 
sponges. In the latter case, the resulting porosity is 
entirely interconnected and can exhibit pore sizes down 
to 3.4 nm in diameter and porosities up to 75 vol.% as 



observed in the Pt/Cu systemA2. Over the last years, ma- 
jor research efforts have been targeted at more efficient 
catalysts for the ORR in PEMFCs.i^ In this context, 
dealloying has been used to produce core-shell nanopar- 
ticles and thin film surfaces enriched with Pt yielding a 
2-6 fold increase of the electrochemical performance of 
Pt/Cu alloys compared to pure Pt.— d°d^ Widely disre- 
garded, however, has been the possibility to apply deal- 
loyed electrodes catalyzing the ORR to SOFCs. This 
originates in the apparent incompatibility of the inherent 
thermal instability of nanoporous metals with the tradi- 
tionally high operating temperatures of SOFCs. Latter, 
however, have lately been decreased to values as low as 
673 K,'^ allowing to reconsider nanoporous Pt electrodes 
obtained by dealloying for SOFCs. 

In this study, highly nanoporous Pt electrodes fabri- 
cated by dealloying of co-sputtered Pt/Al films on yt- 
tria stabilized zirconia (YSZ) are presented. We show 
morphological and electrochemical data that confirms the 
high catalytic activity of these layers and highlights their 
behavior at elevated temperatures. 



II. EXPERIMENTAL 

Pt/Al films with a thickness of 370 nm were deposited 
on (100) oriented (^r02)o.905 (^"203)0.095 (YSZ) single 
crystals by magnetron co-sputtering at room tempera- 
ture {Ppt = 37 W, Pai = 252 W, Pav = 2.7* lO'^ mbar). 
The coated substrates were immersed for 10 min in a 4Af 
aqueous solution of NaOH resulting in dealloying of Al, 
formation of nanoporosity and film shrinkage. During 
dealloying the overall Al content decreased from 79 at.% 
to 28 at.% as determined by Rutherford backscattering 
spectrometry. Morphology, microstructure and electro- 
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chemical activity of dealloyed Pt/Al films were investi- 
gated before and after a heat treatment at 673 K for 
10 h and 873 K for 14 h in air. Cross-sections were 
cut, polished and imaged using a NVISION 40 focused 
ion beam (FIB) system (Carl Zeiss NTS). Grazing in- 
cidence x-ray diffraction (GIXRD) of Cu Kq radiation 
was performed at a constant incidence angle of 1° using 
a X'Pert Pro MPD diffractometer (Panalytical). For the 
determination of lattice parameters and volume- weighted 
grain sizes, the resulting spectra were fitted by Pear- 
son VII or Lorentzian distributions, respectively. Dur- 
ing grain size analysis Scherrer's formula using a shape 
factor of 0.9 was applied. The instrumental line broaden- 
ing was determined by means of a macroscopic Pt pellet. 
Dealloyed Pt/Al electrode films fabricated symmetrically 
on both sides of YSZ single crystals were electrochemi- 
cally characterized by electrochemical impedance spec- 
troscopy (EIS) using a Solartron 1260 impedance ana- 
lyzer (Solartron Analytical) operated at an AC ampli- 
tude of 20 mV in the frequency range between 10 mHz 
and 4 MHz. The real part of the low frequency impedance 
feature was multiplied by the electrode area in order to 
obtain the area specific electrode resistance (ASR). 



III. RESULTS AND DISCUSSION 
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FIG. 1. 1(a) FIB-polished cross-section of a nanoporous 
Pto.72Alo.28 film on YSZ fabricated by dealloying. |l(b) Mor- 



phology after annealing at 673 K for 10 h and 873 K for 14 h 



The morphology of dealloyed Pto.72Alo.28 films is 
The selective dissolution of Al 
Pto.21Alo.79 compound results in 



shown in Figure 1(a) 
from 



the Al-rich -f to. 21^X0.79 compound results m a 
branched nanoporosity with a mean pore intercept length 
of < L2 > = 10 nm. This value has to be considered a 
conservative estimate given that the smallest pores are 
not accessible by electron microscopic imaging of FIB- 
polished cross-sections. Since the stability of nanoporous 
electrode layers at elevated temperatures is a critical is- 
sue, dealloyed Pt/Al films were subjected to successive 
heating at 673 K for 10 h and 873 K for 1 4 h in air. 
The resulting morphology is shown in Figure 1(b) The 



thermal treatment results in an increase of the mean pore 
intercept length < L2 > from 10 nm to 20 nm. This illus- 
trates the high thermal stability of nanoporous Pt com- 
pared to nanoporous metals with a lower melting temper- 
ature. Nanoporous Pd, for example, has been reported 
to undergo coarsening from a ligament diameter of 15 nm 
to 180 nm during heating at 773 K alreadyJ^ 



Both Figure 1(a) and 1(b) imply that the porosity is 
non-uniformly distributed over the film cross section and 
increases considerably towards the film surface. This be- 
comes more obvious in Figure [5] where the porosity deter- 
mined by means of multiple cross-sections of as-dealloyed 
and annealed Pt/Al films is plotted as a function of film 
height perpendicular to the film/substrate interface. As 
shown in Part I of this contribution, the porosity gradi- 
ent results from the prolonged exposure of the surface- 
near film regions to the alkaline solutionJ^ The main 
difference between the morphology of as-dealloyed and 
annealed films appears in the thickness region between 



20 nm and 90 nm where a higher porosity is found af- 
ter annealing. This results from the preferred growth of 
small pores whose size is below the resolution limit of FIB 
imaging (roughly 5 nm) in the as-dealloyed state. The 
data shown in Figure [2] yields mean porosities of 34% and 
40% before and after annealing, respectively. 
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FIG. 2. Porosity of Pto.72Alo.28 films on YSZ plotted as a 
function of film height perpendicular to the film/substrate 
interface. Data for as-dealloyed films (partially filled circles) 
as well as films subjected to annealing at 673 K for 10 h and 
873 K for 14 h in air (open circles) is shown. 
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FIG. 3. GIXRD patterns of nanoporous Pto.72Alo.28 films 
measured directly after dealloying or after additional anneal- 
ing at 673 K for 10 h and 873 K for 14 h in air. Reflections are 
indexed as belonging to the structure group Fm — 3m. The 
black line corresponds to a Pearson VII distribution fitted to 
the original data shown in grey. 



In Figure [31 GIXRD patterns of as-dealloyed and an- 
nealed Pt/Al films are compared. Five broad and par- 
tially overlapping reflections can be distinguished. The 
peak positions point at a face centered cubic lattice struc- 
ture with space-symmetry Fm — 3m as exhibited by Pt 
as well as Al. The lattice parameters before and after 
annealing are shown in Table |T] and match the literature 
data for pure Pt. This implies that the remaining Al 
atoms are not homogeneously distributed in the Pt-rich 
film, but form a secondary phase whose volume fraction 
is too low to be detectable by GIXRD. As the reflec- 
tions in both patterns appear in the expected intensity 
ratio no indication for texture is found. The considerable 
peak broadening traces back to a grain size d that dou- 
bles from 2.4(9) nm to 5.0(9) nm during annealing. The 
microstructural parameters obtained by image analysis 
and GIXRD are summarized in Table H] 

The area specific resistance (ASR) of nanoporous Pt/Al 
films with respect to the ORR is plotted in Figure 4(a 
as a function of temperature. The data were measured 



during the first heating of as-dealloyed Pt films to 673 K 
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4(a)| Area specific resistance (ASR) of nanoporous 



FIG. 4. 

Pto.72Alo.28 films on YSZ plotted as a function of tempera- 
ture T. Data of as-dealloyed films heated for the first time 
(partially filled circles) and films cooled after subsequent an- 
nealing at 673 K for 10 h and 873 K for 14 h in air (open 
circles) is compared. The dashed lines correspond to Arrhe- 
nius fits. Literature data for Pt thin film electrodes is shown 
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4(b) Temperature-induced increase of 



the ASR at 673 K (tilted squares) and 873 K (hexagons) plot- 
ted as a function of time t. The dashed line and the exponent 
c correspond to fitting of the data using a power law specified 
by equation (3). 



TABLE I. Comparison of lattice parameter a, volume- 
weighted grain size d and mean pore intercept length < L2 > 
of nanoporous Pto.72 AI0.2S films before and after annealing at 
673 K for 10 h and 873 K for 14 h in air. Literature values 
for the lattice parameter a of Pt and Al are 0.39237 nm^^ and 
0.40498 nmp - respectively. 



[nm] 


as-dealloyed 


after annealing 


a 


0.391(5) 


0.3923(8) 


d 


2.4(9) 


5.0(9) 


< 1/2 > 


10 


20 



as well as during cooling from 873 K after subsequent 
isothermal holds at 673 K and 873 K. All parameters 
obtained by fitting of the ASR data are summarized in 
Table nil The initial ASR of dealloyed Pt/Al electrodes 
measured at 523 K is significantly lower than literature 
data for thin Pt electrodes at this temperature. This 
is attributed to the percolating nanoporosity of deal- 
loyed Pt/Al electrodes resulting in a high internal sur- 
face area and large TPB-length. A temperature increase 
from 523 K to 673 K gives rise to an exponential decrease 
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TABLE II. Experimentally determined parameters specifying the dependence of the ASR of nanoporous Pto.72Alo.28 films on 
temperature T and time t. Whereas the parameters refering to temperature intervals correspond to Arrhenius fits given by the 
equations (I) and (2), the parameters refering to isothermal annealing at 673 K and 873 K correspond to the power law given 
by equation (3). 



T [K] 


ASRo [S^cm^] 


E^ff [eV] 


AEaeg [eV] 


b [Qcm^] 


c 


523 - 673 (heating) 
873 - 523 (coohng) 

673 

873 


0.3(3) 
1.7(9) X 10""* 


0.52(5) 
1.03(4) 


0.51(6) 



2.2(6) X 10^ 

29(5) 


0.4(1) 
0.28(6) 



of the electrode resistance characterized by an apparent 
activation energy of E^pp = 0.52(5) eV. The fact that 
this energy is approximately half of the value expected 
for the ORR on thin Pt layers on the basis of literature 
(roughly 1 eV— points at a cumulative degradation of 
the electrode activity during heating according to 

ASR = ASRo X e— (1) 

with 

EfPP = ~ AEdeg (2) 

where E'^pp is the apparent activation energy measured 
during heating or cooling, E^^^ is the activation energy 
of the ORR and AEdeg an activation drop due to degra- 
dation during heating. The ASR values measured after 
isothermal hold as well as the corresponding activation 
energy E^pp = 1.03(4) eV are in agreement with litera- 
ture data. Presuming that no degradation occurs during 
cooling and, accordingly, E^pp = E^^^ the activation en- 
ergy of the degradation process is AEdeg = 0.51(6) eV. 
At first, it seems obvious that the degradation of the elec- 
trode activity during heating is caused by thermally in- 
duced coarsening of the film morphology. The activation 
energy of the degradation process AEdeg = 0.51(6) eV, 
however, is significantly smaller than the activation ener- 
gies of self-diffusion processes on Pt that underlie coars- 
ening (e.g. surface self-diffusion 0.69-0.84 eV^^ bulk self- 
diffusion 2.87 eV— ). An alternative explanation for the 
observed degradation is surface segregation and adjacent 
oxidation of remaining Al during heating resulting in a 
gradual obstruction of electrochemically active sites. The 
oxidation of bulk Al is characterized by an activation en- 
ergy in the range of 1.6-1.8 eV;-- In the case of particles in 
the nanometer range, however, the activation energy for 
oxidation can be reduced down to 0.33 eV as measured 
for Al nanopowders.-^fi*^'' In order to gain additional in- 
sight into the electrode performance of nanoporous Pt/Al 
films, samples were electrochemically characterized dur- 
ing isothermal hold at 673 K and 873 K, respectively. 
The resultin g deve lopment of the ASR with time is plot- 
ted in Figure [4(b) I The resistances increase continuously 
and can be fitted by a power law corresponding to 



ASR ^bxf (3) 

with exponents c — 0.4(1) and c — 0.28(6) at 673 K and 
873 K, respectively. Accordingly, a nonlinear degrada- 
tion behavior is found whose characteristic exponent is 
close to a square root time dependence at 673 K but de- 
creases with increasing annealing temperature or time. 
The square root or, equivalently, parabolic time depen- 
dence of the electrochemical performance indicates rate 
determination by diffusion through a growing oxide layer 
(e.g.^^). This substantiates the hypothesis of electrode 
deactivation by oxidation of remaining Al. A transi- 
tion towards a subparabolic oxidation characteristics at 
higher temperatures implies an impairment of diffusion 
and has been frequently observed during the oxidation of 
complex alloys (e.g] ^^'^° ). A reason for the subparabolic 
oxidation observed in this study might be a depletion of 
the oxidizing species resulting in a reduced growth rate 
of the oxide layer 

IV. SUMMARY 

We demonstrate the fabrication of nanoporous Pt/Al 
films by selective dissolution of Al from co-sputtered Pt- 
Al alloy films. The dealloyed films exhibit a sponge-like 
morphology with a percolating nanoporosity in the range 
of 10 nm. Successive annealing at 673 K and 873 K re- 
sults in minor coarsening only, which substantiates the 
high thermal stability of nanoporous Pt compared to 
other nanoporous metals. A favorable morphology in 
conjunction with a high thermal stability qualify these 
layers for electrode applications even at the elevated op- 
erating temperatures of SOFCs. The initial electrochem- 
ical performance of nanoporous Pt / Al films measured at 
523 K exceeds literature data for this temperatureJ^i^ 
With increasing temperature, however, electrochemical 
degradation occurs that is characterized by an activa- 
tion energy of AEdeg = 0.51(6) eV and attributed to 
oxidation of remaining Al rather than coarsening of the 
nanoporous network. Future studies will focus on the 
mechanism of electrochemical degradation and the fab- 
rication of nanoporous Pt/Al electrodes containing less 
Al. 
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